Abstract Ultrasound treatment was applied on whey protein concentrate suspension prior to foaming and being mixed into batter for eggless cake baking. The improvement of batter and baked cake made using ultrasound treated whey protein were measured in terms of aeration, rheological and textural properties. Baked cakes formulated with untreated whey protein suspension at varying concentrations between 10 and 20 % were compared with ultrasound treated whey protein up to 25 min at 60 % amplitude. Visualized images of aerated cake products using x-ray tomography technique supported the findings of improved batter in terms of density decrease by 5 %, and viscosity, consistency index, storage modulus, and loss modulus increase by 31, 57, 33, and 21 %, respectively. For baked cakes, volume increase was 18 %, and density, hardness, and chewiness decrease was 18, 65, and 64 %, respectively, when compared to those made using untreated whey protein. Image analysis presented a higher number of smaller gas cells in the aerated baked cakes structure using ultrasound treated whey protein.
Introduction
Egg protein is essential and normally used in many food formulations as a foaming ingredient in bakery food products to give great contribution on structure of batter and baked cake for its appearance and textural appeal. Today, people tend to reduce egg intake for several reasons including egg cholesterol and specific dietary needs of the vegans, vegetarians, and egg allergy consumers (Ashwini et al. 2009 ). With consumers actively searching for healthier food options with no sacrifice for its taste and appearance, food manufacturers constantly look for alternatives of egg in food manufacture. The trials of substitutes of eggs in cake products, such as total replacement with white lupine protein, emulsifiers, and xanthan gum in yellow cakes (Arozarena et al. 2001) , and bovine plasma protein in high yield white cakes (Lee et al. 1993; Myhara and Kruger 1998; Raeker and Johnson 1995) , were not successful in replacing egg's attribute and contribution in foaming. The egg white protein is critical for foaming in the angel food cake (Abu-Ghoush et al. 2010; McWilliams 2008) .
Whey protein, which has high nutritional values and contains all essential amino acids that are higher in concentration compared to vegetable proteins such as soy, corn, and wheat gluten (Recio et al. 2008) , comes into solution for partial or total egg white protein replacement in cake baking. Unfortunately, the baked cake product quality was not comparable with fully egg white formulated cakes. In the study of total whey protein replacement in angel food cakes, cakes containing whey protein were smaller in volume due to the lower stability of cake batter to help in prevention of cake collapse (Pernell et al. 2002) . Partial replacement of egg white protein with whey protein isolate in angel food cake also showed an overall poorer quality, with lower cake volume and coarser bubbles structure, which was probably due to the higher denaturation temperature of whey protein that resulted in higher coagulation temperature and caused over-expanded gas cells in cake batter to collapse during baking (Arunepanlop et al. 1996) . Berry et al. (2009) also found that the angel food cake network containing whey protein isolate was not stable and had larger gas cells.
To obtain a pleasurable mouthfeel and appearance of cake using whey protein, sucrose was incorporated in the making of angel food cake to improve its functional properties. Berry et al. (2009) reported that sucrose gave little positive effect on whey protein isolate usage where batter with low stability prior to and during heating was obtained. Yang and Foegeding (2010) showed that the incorporation of sucrose has altered the volume of angel food cakes prepared from whey protein foams with large gas cells, giving a coarse structure which collapsed due to bubbles collapse and rupture of films surrounding bubbles. It indicated the poor stability of whey proteins in the conversion from a wet to a dry foam in angel food cake (Yang and Foegeding 2010) . Besides sucrose addition to enhance the functional properties of whey protein, Nakai and Li-Chan (1985) also found that the whipping properties of whey protein can be improved by pepsin hydrolysis addition to increase protein solubility, while gelling properties of whey protein can be enhanced by polyphosphate addition to increase its exposable hydrophobicity despite unsatisfactory final results of angel food cake. Besides material aided substitution, some techniques have been applied to enhance the functional properties of whey protein in egg white protein replaced cakes, such as heat treating on whey proteins in angel food cake making (Pernell et al. 2002) and application of air pressure up to 1.5 bar in the oven during baking (Morr et al. 2003) . The results show that none of the cakes exhibited satisfactory properties even when the volume was increased, but still not to the extent of egg white proteins. Recent studies using ultrasound in baking process included Harris (2011) , who produced gluten-free products with improved texture, and Tan et al. (2011) , who reported improved cake aeration with lower hardness and density. Other works that have applied ultrasound on proteins, which have measured changes in protein solubility, conductivity, foam ability , size of fat globule, protein denaturation (Villamiel and de Jong 2000) , consistency index, and gelation properties (Arzeni et al. 2012) , suggested that proteins induced by ultrasound have potential in structural and functional improvements (Gülseren et al. 2007) .
The objective of this study was to use ultrasound treated whey protein concentrate as a total replacement of egg white protein in angel food cake making. The quality of batter and cake formulated with ultrasound treated whey protein concentrate were compared with untreated whey protein and also with egg white protein.
Materials and Methods

Materials
The ingredients used in the formulation of angel food cake were commercial low protein flour with 7-9.5 % protein (Brand Gold Key; FFM Berhad, Selangor, Malaysia), whey protein concentrate (Textrion PROGEL 800; DMV International, BA Veghel, Netherlands), egg white powder (Pulviver SPRL, Belgium), caster sugar (Tien Swee Trading Sendirian Berhad, Kuala Lumpur, Malaysia), and salt (Seng Hin Brothers Enterprises Sendirian Berhad, Selangor, Malaysia).
Protein Suspension Preparation and Ultrasound Treatment
The aqueous suspensions of powdered whey protein concentrate or egg white powder were prepared by dispersing 10, 15, and 20 % (w/w) of dry matter into 250 g with distilled water in a 500-ml beaker and stirred using a mechanical stirrer [RW20 DZM.n S2; IKA Works (Asia) Sendirian Berhad, Malaysia] at 355 rpm for 20 min until homogenous suspensions were obtained. The whey protein suspensions were sonicated using a high-intensity ultrasound probe (20 kHz-400 W Digital Sonifier Model 450; Branson Ultrasonics Corporation, Danbury, Connecticut, USA) at 20, 40, or 60 % amplitude for 5, 15, or 25 min. The maximum setting of amplitude and sonication time was based on pre-run where whey protein suspension could sustain without transforming into gel. The probe with a vibrating titanium tip of 2.54 cm was immersed in half level at the center of the liquid medium. The control samples were those without ultrasonic treatment while egg white protein was used for the purpose of comparison with the conventional cake making recipe using eggs.
Production of Cake
The formulation of angel food cake was adapted from the work of Yamazaki and Lord (1971) as in Table 1 . It was chosen in this study because of its simplicity as a common type of sponge cake, which is known for its airy lightness texture (Anonymous 2013) . The ingredients were weighed on scales using an analytical balance (SB12001; Mettler Toledo, (Gómez et al. 2008; Tan et al. 2011 ) before cake analysis.
Batter Density and Rheology
Batter density was obtained from the weight-volume ratio of batter filled and leveled in a standard-volume 114-cm 3 cup (Eq. 1) (Allais et al. 2006a, b; Tan et al. 2010 Tan et al. , 2011 . The average of five samples was taken from the same batch of cake batter mix with a repeated run.
The rheological properties of fresh batter from each batch of mix was measured using a rheometer (AR-G2; TA Instruments, New Castle, USA) with a 40-mm-diameter serrated plate-plate geometry set at a constant gap height of 2.4 mm at 25°C (Mleko et al. 2007 ). The storage modulus G′ and loss modulus G′′ of the batter were measured through a frequency sweep test within the linear viscoelastic region from 0.1 to 10 Hz at strain value of 1.00×10 −3
. Loss tangent values, tan δ, were then calculated from those G′ and G′′ values using Eq. 2 (Ikeda and Nishinari 2001) .
The data of shear stress τ (Pa) versus shear rate γ : (1/s) was generated by linearly increasing the shear rates from 0 to 100 s −1 in 5 min and then fitted into Power law model as in
Eq. 3 to evaluate its flow behavior (Sakiyan et al. 2004; Salvador et al. 2003; Turabi et al. 2008 ) in terms of consistency index K (Pa·s n ) and the flow behavior index n.
K and n in Power law were determined by curve fitting using the solver function in Microsoft Excel adopting the generalized reduced gradient (GRG2) nonlinear optimization code (Tan et al. 2011) . The goodness of fit, R 2 , was calculated as R 2 ¼ 1− SSE SST , where SSE is the sum of square errors and SST is the total corrected sum of squares (Chin et al. 2009 ). The determination of viscosity was chosen at shear rate of 5.5 s −1 from the Power law fitting in terms of apparent viscosity, η (Eq. 4), to reflect batter viscosity properties at mixing speed of 330 rpm.
Similarly, the results of G′ and G′′ were reported at 5.5 Hz which corresponded with 5.5 s −1 as to match batter mixing rate of 330 rpm. An equivalent time sweep test was conducted to ensure batter sample surfaces were not drying up within the experimental time of 10 min. In addition, fresh samples were loaded for every sample used and the experiment was repeated once.
Cake Volume and Density
Volume of cake was measured using coriander seeds displacement method (Lebesi and Tzia 2012; Sahin and Sumnu 2006; Tan et al. 2010 Tan et al. , 2011 . A 6,220-cm 3 container was first filled with 1,000 cm 3 of coriander seeds before the cake was placed on it and overfills with remaining space in the container with more seeds and tap before the surface was leveled with a ruler. The total volume of seeds used was calculated by dividing the mass of seeds to the pre-determined density of seeds, 731.46 kg/m 3 , following Eq. 5. The volume of cake was obtained as the difference between the volume of the container and the volume of seeds that occupied the container following Eq. 6. Cake density is equal to the mass of cake divided by its volume as in Eq. 7. Sample of cake volume and density was in unity and the experiment was repeated once. 
Texture Profile Analysis of Cake
The texture profile analysis (TPA) of cake was performed using a texture analyzer (TA-XT plus ; Stable Micro Systems, Surrey, UK). The cake sample was compressed twice with a 2.54-cm-diameter cylinder probe to a fixed distance of 10 mm depth in the TPA test. The auto trigger feature was set at 5 g where upon sensing, it will withdraw from the cake to its original height after the first compression. Before a second compression was repeated to precisely determine the original penetration distance, the cake sample was allowed to recover for 3 s. The pre-test speed, test speed, and post-test speed were all set to 2.0 mm/s in the TPA test. Cake hardness, chewiness, cohesiveness, and resilience are the textural properties measured and obtained through textural profile analysis. The data was collected at 200 pps. A cake from each batch was cut into quarters from the center layer of the cake with dimension of 5.08×5.08×2.54 cm, providing four trials of sample per batch of baked cakes with the entire experiment repeated once (Tan et al. 2010 (Tan et al. , 2011 .
Imaging of Aerated Cake Structure
Bubble size distribution of the aerated cake structure was imaged using 2D x-ray tomography. The whole cake sample was placed on an adjustable rotational stage which was 54 cm from the x-ray source and 58 cm from the detector, all arranged in a line. The x-ray tube was set at 100 kV and 2 mA. The camera pixel size was 230×1310 with no filter. Each cake was scanned at the center and the cake images were taken every 0.5°around a 360°path. The scanned images were constructed using Backprojection software to obtain 2D images for bubbles size analysis. It was then analyzed using Adobe Photoshop CS2 with Fovea Pro 4.0 plug-in software. The number of bubbles at size ranges 0 to 10 mm 2 was analyzed at each quarter at 200×200 pixels.
Experimental Design and Statistical Analysis
Three sets of experiments were designed by varying either the whey protein concentration of 10, 15, and 20 %, ultrasonic treatment amplitudes of 20, 40, and 60 %, or treatment duration of 5, 15, and 25 min such that the other two factors were held at its highest level in each set of experiment. Batter density samples were in triplicates; batter rheology, cake volume, and density samples were unity; and textural properties of cake were measured from four pieces cut from a cake with the entire experiment repeated once. The error bars in the graphs are the standard deviation of means. Unstacked oneway analysis variance was performed using the statistical analysis in Minitab software (version 16; Minitab Statistical Software, USA).
Results and Discussion
Batter Density and Viscosity Figure 1a shows the two most important cake batter parameters, its density and viscosity, for they have direct impact on overall cake quality in terms of volume and appearance. Gómez et al. (2010) mentioned that batter viscosity was measured to ensure the production of cake with good volumes. This is because viscosity in cake batter is known for its function of retaining trapped air, which in turn gives the raised volume of baked cake. In general, whey protein seems to give lower batter viscosity than the egg. Despite the lower viscosities, whey proteins at higher concentration of 15 to 20 % had the capability of retaining trapped air from the low batter density displayed. Cake batter formulated with whey has a wider range in density while cake batter formulated with egg has a wider range of viscosity suggesting differing nature and characteristics for its effectiveness of manipulations of batter density and viscosity, respectively. The similarities found between the two proteins are that batter density decreased and viscosity increased with protein concentration. This is in agreement with Damodaran (1997) who reported that viscosity of protein solutions generally increased exponentially with protein concentration due to increased interaction between the hydrated protein molecules. Figure 1b shows that ultrasound application on whey protein suspension has increased batter viscosity and produced lower batter density. Both ultrasound amplitude and time increased batter viscosity significantly at p <0.05 and p <0.1, respectively. Both factors also gave more prominent effects to batter density with significant difference at p <0.001. Ultrasound treated whey protein at highest amplitude of 60 % and for the longest studied duration of 25 min gave relatively higher batter viscosity and lower density compared to the untreated whey protein at its respective concentrations (Fig. 1a) . The resulted higher batter viscosity was due to the higher foam viscosity (Tan et al. 2014) caused by protein denaturation induced by sonication effect in protein suspension. The partial denaturation of protein causes an increase in the hydrodynamic size of proteins and results in higher viscosity (Damodaran 1997) . The foam and batter with high viscosity in turn provides a stable film for gas bubbles to hold trapped air in the cake batter system, hence results in a lower batter density. Figure 2 shows the rheological property of consistency index, K, which is commonly measured in cake batter for evaluation of its capacity to retain the air (Gómez et al. 2010; Sakiyan et al. 2004; Tan et al. 2011) , and flow behavior index, n, as an indication of its fluid flow. Protein concentration from both egg and whey protein formulated batters increased the consistency index generally with greater increase for the egg formulated (Fig. 2a) . Both egg and whey protein formulated batters exhibited shear thinning or pseudoplastic behavior with n values below 1 ( elik et al. 2007 ). The pseudoplastic behavior is the consequence of the tendency of protein molecules to orient their major axis in the direction of flow (Damodaran 1997 ) and has increased with protein concentration. It was also higher for the egg formulated batter compared to whey. Batters with more pseudoplasticity were also higher in consistency index and had higher capacity to retain air (Fig. 1a) . Figure 2b shows that consistency index increased significantly with ultrasound amplitude and sonication time with p <0.05, while flow behavior index decreased with ultrasound amplitude more significantly (p<0.01) than sonication time (p<0.1). Ultrasound treated whey protein at maximum amplitude of 60 % and duration of 25 min have increased K values of batter by 10, 63, and 57 % compared to the untreated whey protein for respective concentration of 10, 15, and 20 %. The n values of batter decrease were observed at 15 and 20 % concentration. Ultrasound treatment altered protein conformation and structure by exposing the hydrophilic parts of amino acids which are buried in the protein interior towards water surroundings leading to higher binding in water molecules (Krešić et al. 2008) . The increased binding capacity of protein with water contributes to the changes in flow behavior, consistency index, and apparent viscosity (Krešić et al. 2008 ). Boye et al. (1997) mentioned that hydrogen bonding in the protein suspension precedes the onset of coagulation and serve as the most important cross-linking for increased viscosity (Fig. 1 ). Figure 3a shows that viscoelastic properties of whey protein formulated batter had much lower and narrower range compared to those from egg. This shows that viscoelasticity of batter was dependent on protein type. Proteins with tan δ value >0.1 can give rise to weak gel (Fig. 4a) (Ikeda and Nishinari 2001) . Whey protein at 10 % concentration had tan δ value of 1 indicating that the batter was low in viscoelasticity (Matos et al. 2014) . Cake batter formulated at low whey protein concentration of 10 % was more viscous in nature with lower ratios of G'/G'' and it gets more elastic or solid like towards higher protein concentration of 15 to 20 % with increased G' value. Although G' and G'' of both proteins increased with concentrations, tan δ decrease suggested that the solid-like property of batter increases (Matos et al. 2014) . The fact that G' and G'' increase could be simply due to the effect of the ) of a untreated egg and whey protein, and b ultrasound treated whey protein concentration of existing protein components. However, the changes in tan δ values, which reflected viscoelasticity, suggest development of different phenomena among the protein components where sonication is linked with the altered physical changes of batter. Batter made from egg also seemed to be more solid and elastic-like with higher G' values than G'' which resulted in lower value of tan δ. These viscoelastic properties would determine the expansion and stability of air bubbles in batter during baking and indirectly influence the qualities of final cake product in terms of volume and texture. Previous researches had found that whey protein with poor stability will result in cake with lower volume and coarse texture (Arunepanlop et al. 1996; Berry et al. 2009; Yang and Foegeding 2010) . Cake batter with higher G' was suggested to have better capability of holding bubbles and more stable in the aerated system with a lower batter density (Fig. 1b) (Sahin 2008) . Figure 3b shows that viscoelastic properties of whey protein formulated batter increased with ultrasound treatment and was most prominently affected by whey concentration. The highest values of G' and G'' in the presence of ultrasound treatment were obtained at the highest amplitude of 60 % and longest duration of 25 min. Ultrasound treatment on whey protein has increased the viscoelasticity of its formulated batter with decreased tan δ (Fig. 4b) reflecting an increase in the predominance of the elastic component (Matos et al. 2014) . Sonication has altered the structural property of protein, which induced physical changes on the batter. Banerjee et al. (1996) noted that the edible films of ultrasound treated sodium caseinate and whey protein-based milk had improved mechanical properties, with tensile strength increased up to 224 %. It was explained by the reduced particle size of milk components in the film solution which increased the molecular interaction, leading to a more orderly and condensed knit matrix of proteins which increased the cohesion in film, hence contributing to the high film strength (Banerjee et al. 1996; Gontard and Guilbert 1994; Lee and Feng 2011) .
Consistency and Flow Behavior Index of Batter
Viscoelastic Properties of Batter
Cake Volume and Density Figure 5a compares the qualities of baked cake in terms of volume and density, the two important quality measurements for cake by consumers. Cakes with bigger volumes and lower densities were produced with protein concentration increase. This is explained by the increased network strength of batter with more protein mass, where protein network formed helps to retain incorporated air in cake leavening. A higher volume cake with lower density implies that the cake contained more gas cells. Cake formulated with egg has higher and wider range of volume and density compared to those with whey protein. This was expected and a similar finding was obtained in Abdul Hussain and Al-Oulabi (2009), DeVilbiss et al. (1974) , and Mohamed et al. (1995) , who reported that whey protein as egg alternative has resulted in lower cake volume. Besides poor batter stability (Pernell et al. 2002) , Penfield and Campbell (1990) explained that the lower cake volume was due to the lower batter viscosity (Fig. 1a) , which was not sufficiently viscous to minimize the coalescence of gas bubbles and hence caused the loss of leavening gases during baking as large bubbles rise to the surface and escape. Figure 5b shows the qualities of cake baked with ultrasound treated whey protein have improved to meet those baked using egg. Ultrasound treatment had increased cake volume and reduced density significantly, both at p <0.05 for amplitude and sonication time. At maximum usage of ultrasound treatment, baked cakes have expanded as much as 18 % in volume and 18 % lighter compared with the untreated whey protein. More interestingly, the volume and density of cake formulated with ultrasound treated whey protein were comparable ) of cake baked with a untreated egg and whey protein, and b ultrasound treated whey protein with those made using egg white with a difference of 4 %. The ultrasound treatment has induced partial denaturation of protein where it unfolds the polypeptide chains to form strength in film of the continuous phase of foam and batter system to hold entrapped air. This has helped to contribute to the volume.
Textural Properties of Cake
Cake sensorial properties in terms of hardness and chewiness are commonly used by consumers (Szczesniak 2002; Tan et al. 2010 ) for evaluating softness and easiness to masticate, while cohesiveness and resilience respectively quantify the internal resistance of the food structure and the ratio of recoverable energy when the first compression is relieved (Lu et al. 2010) . Figure 6a -i shows the hardness and chewiness of cake from egg white was significantly affected by its concentration but not for whey protein. This difference is largely due to the textural properties affected by the degree of aeration (Handleman et al. 1961) as cakes from egg white had significantly higher foaming capacity and subsequently produced highly aerated cake. The cohesiveness and resilience of cake from egg white were higher than whey protein as showed in Fig. 6a ii. Both cakes from egg white and whey protein have the highest cohesiveness and resilience at 15 % concentration.
Figure 6b-i shows that ultrasound treatment has significantly decreased cake hardness and chewiness at p <0.001. Ultrasound treatment in terms of sonication time and amplitude did not have an effect on both cohesiveness and resilience of cake ( Fig. 6b-ii) . The textural quality improvement on hardness and chewiness was because of the improvement gained during foaming where lower density was attained in the batter system (Fig. 1b) . Hardness of cakes baked with untreated whey protein were almost constant (Fig. 6a-i ) despite increased cake volume (Fig. 5) . The increased number of gas cells due to increased protein concentration had contributed to cake volume with no effect to texture. Large bubbles with variant sizes cause unstable mix and produce coarse and uneven texture (Bennion et al. 1997) in cakes using untreated whey protein. The finer and evenly distributed gas cells in the cake crumb as illustrated in Figs. 7 and 8 for cakes made using ultrasound treated whey protein had contributed to the increased volume and decreased hardness. The improvements in textural properties of cake which underwent ultrasound-assisted mixing was explained by Tan et al.'s (2011) using the ultrasound cavitation theory where it speeded up protein denaturation through bubbles shrinkage effect.
Imaging of Cakes Figure 7 shows the crumb images of cakes baked with nontreated whey protein and ultrasound treated whey proteins. The untreated whey protein (Fig. 7a) produced coarse cake texture with less gas cells when compared to cakes treated with ultrasound at maximum amplitude and time (Fig. 7e ). This may due to the lower cake batter viscosity of the untreated whey protein (Fig. 1) . The ring defects seen with a brighter color observed in the cake with untreated whey (Fig. 7a) was getting smaller when the applied ultrasound increased in amplitude and time intensity. It disappeared when maximum amplitude and sonication time was used (Fig. 7e) . The analysis of gas cells distribution (Fig. 8) shows that majority of the gas cells in the cake before and after ultrasound treatment was in the size range of 0.01 to 0.1 mm 2 . The cake baked with untreated whey protein had the lowest count of bubbles in this range compared to cakes with ultrasound treated whey protein at highest amplitude of 60 % and longest sonication time of 25 min with a 38 % increase. These changes in aerated cake structures due to ultrasound cavitation effect in whey protein suspension is said to have induced a sufficient pressure in sonic waves to cause the air bubbles in protein suspension to fracture and leads to the formation of smaller bubbles (Zheng and Sun 2006) . The tiny gas cells that resulted in the cake crumb provided better texture in lower hardness and chewiness (Fig. 6 ).
Conclusions
The ultrasound treated whey protein has significantly improved cake batter properties and produced a foam-styled cake with quality comparable to those made using egg proteins. Ultrasound treatment led to better aerated structure in the foaming process measured from its formulated batter properties including density, viscosity, consistency and flow behavior index, and viscoelasticity which produced cakes with higher volume and lower density, hardness, and chewiness. The amount of tiny and evenly distributed gas cells in the cake crumb also increased. The use of ultrasound treated whey protein thus can be a good egg replacer in cake baking without the presence of other functional ingredients.
